R. J. SHEPHARD METHODS

Measurements of Pulmonary Flow and Pressures.
The technique of cardiac catheterization used in this hospital has been described previously (Holling and Zak, 1950) . Two factors must be considered in the application of the Fick principle during the breathing of carbon dioxide mixtures. Firstly, there is a slight increase in oxygen consumption due to the metabolic cost of hyperventilation: after a three-minute period of hyperventilation, this increase amounts to some 3 per cent of the basal level (Shephard, 1954) , and the initial spirometer reading must be corrected accordingly. Secondly, the oxygen content of alveolar gas is increased by 2-6 to 2-8 per cent (Shephard, 1954) , and this produces a small increase in the amount of oxygen dissolved in physical solution in the blood. Correction must be applied for this also if an accurate value for cardiac output is to be obtained.
The pulmonary arterial and pulmonary capillary pressures were measured by electromanometer (Southern Instruments, Ltd., Camberley).
The mixture of 5 per cent carbon dioxide in air was supplied to the patients via a B.L.B. mask at a rate of 9 litres a minute. Subjects. The subjects were drawn from cases of congenital heart disease submitted for diagnostic cardiac catheterization. The only factor that influenced their selection was the degree of cooperation shown during the initial diagnostic procedures. In all observations the subjects were lying horizontally, and pressures have been referred to the mid-axillary line.
PRESSURE/FLOW RELATIONSHIPS FOUND IN THE PULMONARY ARTERY
Pressure/flow relationships were studied with the tip of the catheter lying in the right pulmonary artery about one inch beyond the bifurcation of the pulmonary trunk, the position being checked by fluoroscopy before and after the measurements were made. A blood sample was withdrawn after breathing the gas-mixture for three minutes; phasic and mean pulmonary artery pressures were recorded immediately before and immediately after taking the sample, the average of the two readings being taken as representative of pressures during sampling.
Pulmonary Arterial Pressures. The change of pulmonary arterial pressure which has been produced by the 5 per cent mixture of carbon dioxide is illustrated in Fig. 1 Part of the increase in pressure may be attributable to back-pressure effects from the left atrium. It did not prove possible to measure the left atrial pressure directly in any of the present series, although in a number of instances satisfactory pulmonary capillary pressure records were obtained. The original contention of Lagerlof and Werko (1949) that such records give an approximate value for left atrial pressure has since been criticized (Dow et al., 1950 ), but it is at present the only method applicable to most patients. The results show that in some instances the pulmonary capillary pressure is increased (Table II) . However, in all except one of these, the hemodynamic pressure gradient across the lungs is also slightly increased.
Pulmonary Flow. A change of cardiac output during the breathing of carbon dioxide mixtures has previously been reported by Asmussen (1943) , this change being greatest when his subjects The principal obstacle to the calculation of pulmonary arteriolar resistance is the difficulty in estimating left atrial pressure. In a number of subjects it was not possible to obtain satisfactory pulmonary capillary pressure tracings, and it has therefore been necessary to assume an arbitrary value. The true left atrial pressure is probably rather lower than the pulmonary capillary reading would suggest, so that the values adopted were 5 mm. Hg for the resting state, and 6 mm. for the pressure after three minutes of carbon dioxide inhalation.
Calculating the pulmonary arteriolar resistance on this basis, it can be seen that the group as a whole shows no significant change of resistance with the breathing of a carbon dioxide mixture (Fig. 2) . Further, if the change of resistance is plotted against the change of cardiac output, an obvious negative correlation is obtained, emphasizing that the changes which occur in the pulmonary circulation are largely passive in type, pulmonary resistance falling as the rate of flow increases (Fig. 3) . However, the fall of resistance is insufficient to prevent some rise of pressure in most cases. The regression line of Fig. 3 indicates a small increase in resistance at the point where flow is unchanged, but stitistical analysis suggests that this should be accepted as a chance finding rather than as a response to carbon dioxide. * The pulmonary arteriolar resistance has been calculated from the formula: Resistance = PFP 1332 dynes/sec./cm.5, where P is the main pulmonary artery pressure in mm. Hg, p is the left atrial pressure in mm. Hg, and F is the pulmonary flow in ml. per second. Statistical Analysis. A linear regression line has been fitted to the data by the method of least squares, taking the change in pulmonary arteriolar resistance as the dependent variable. The coefficients to the line then become: a = -2X65, Sa ±4-91, b = -0 70, sb ±023.
Thus for 18 degrees of freedom, the regression has a significance in the range P=001-0 001. At zero change in flow, the deviation of change in resistance from the hypothetical value of zero is 6-9, and the standard deviation of this difference is 12-4. This change in resistance is, therefore, very likely to be a chance finding.
DISCUSSION
It remains to consider the significance of these findings in health and disease. The rise of pulmonary arterial pressure in response to carbon dioxide mixtures seems to occur in a variety of cases, ranging from low to very high rates of resting pulmonary blood flow, and it is perhaps surprising that a similar rise of pressure is not observed with moderate exercise. In both instances the pulmonary flow is increased, but during moderate exercise there is a fall in pulmonary arteriolar resistance sufficient to keep the pressure within normal limits (Riley et al., 1948) . In the present state of knowledge, it is difficult to be certain that this vasodilatation does not constitute the " active" response. However, Cournand (1950) attributes the rise of pressure with anoxia to a local reflex mechanism, which he suggests normally maintains a good correlation between alveolar ventilation and pulmonary arteriolar flow. The stimulus of acute hypercapnia (like acute anoxia) simulates a general alveolar underventilation, and through the same local reflex mechanismperhaps the liberation of a small quantity of histamine-could well produce an alteration in reactivity of the small vessels of the lungs. In the present observations, there is clear evidence that the fall-in pulmonary arteriolar resistance with increasing pulmonary flow is insufficient to prevent a rise of pressure, and this failure of adequate vaso-dilatation could be interpreted as due to an increased reactivity of the arterioles. More work is needed to substantiate the existence of a local reflex of this type, but it is obvious that such a mechanism could play an important role in the adjustment of the body to both acute and chronic lung diseases.
SUMMARY
Pressure/flow relationships have been studied in a group of twenty human subjects at cardiac catheterization, both before and during the breathing of a 5 per cent mixture of carbon dioxide in air.
Carbon dioxide produces a small but consistent rise in pulmonary arterial pressure. Part of this increase is related to back-pressure effects from the left atrium, but in addition there appears to be a genuine increase in the pressure gradient across the lungs. Most subjects show also a small increase in pulmonary blood flow in response to carbon dioxide.
Changes in pulmonary arteriolar resistance appear to be largely passive in type, the resistance falling as the cardiac output rises. However, the fall in resistance is insufficient to prevent some increase in pulmonary pressures. This is unlike the response of the pulmonary circulation to moderate exercise, and may indicate an increased reactivity of the small pulmonary vessels.
